The lack of osseointegration and implant-related infections are two major complications leading to failure of dental and orthopedic implants. Therefore, the development of effective titanium (Ti) implant surfaces able to display enhanced osteogenic activity and antimicrobial properties is required. In particular, titanium dioxide (TiO 2 ) nanotubes (NTs) have demonstrated promising features to modulate biological responses, as they may be easily tailored to achieve multiple functions. This work aims to study the ability of bio-functionalized TiO 2 NTs to induce osseointegration, and concomitantly, to avoid infection.
Introduction
Titanium (Ti) and its alloys are the most commonly used materials for orthopedic and dental implants applications owing their excellent mechanical properties, corrosion resistance and biocompatibility.
1,2 The good corrosion resistance and biocompatibility of Ti-based materials, are associated with their ability to form a stable and tightly adherent TiO 2 thin lm (1.5-10 nm in thickness) when exposed to oxygen. 1, 3 Nonetheless, the lack of a functional implant-bone interface (i.e. poor osseointegration), extensive inammation, and bacterial infection, have been currently reported as the main causes of failure of Ti-based implants.
4-7
Implant-related infections are oen the result of bacteria adhesion on implant surface during surgery, 4, 8 with S. aureus accounting for 70% of orthopedic implants infections. 5 Infection may lead to extensive revision surgeries, extended antibiotic treatment, tissue integration impairment, signicant health care expenses, and in some cases, even death.
8,9
Furthermore, aseptic loosening is responsible for >70% hip revision surgeries over the mid-and long-term. 10 As concerns dental implants, studies conducted for a follow up period of 8 to 10 years reported failure rates of 2-9%, mainly associated to bone loss and/or inammation as well as implant mobility.
11,12
The number of dental implant procedures is expected to boost in the near future, not only because life expectancy is increasingly high, but also because dental implant therapies have become progressively adopted as a treatment option for replacing missing teeth. 13 Therefore, if implant-related complications are not surmounted, the number of failures is expected to rise within the upcoming years.
The demand for new and innovative strategies aiming the synthesis of efficient implant surfaces has attracted the attention of worldwide researchers, as a strategy to mitigate failures of hip and dental implants. The modication of implant surface features has been currently adopted, and improved biological responses have been achieved through the creation of rough surfaces with an enhanced chemistry and a more compatible morphology/topography for bone cells. 3, [14] [15] [16] In particular, nanostructures have demonstrated to play a fundamental role on biological responses, by mimicking the nanoscale features of bone. 3, 17, 18 Anodization is a simple, versatile, and low-cost technique that has been widely used to fabricate TiO 2 NTs in Ti surfaces, as the next generation of dental and orthopedic implants. TiO 2 nanotubular surfaces have become increasingly recognized to enhance osteoblasts and mesenchymal stem cells (MSCs) functions, e.g. adhesion, proliferation, and differentiation, [19] [20] [21] [22] or even to reduce inammation and impair bacterial adhesion or survival.
23-26
Functionalization attempts of TiO 2 NTs have been widely reported by immersion, electrochemical deposition, plasma spraying, sputtering, and sol-gel processes. [27] [28] [29] [30] Beyond the promising potential to induce osseointegration and reduce infection, nanotubular surfaces can behave as effective drug delivery systems. A successful example of a drug delivery system based on TiO 2 NTs was reported by 31 The authors loaded TiO 2 NTs with BMP-2 and covered them with multilayered coatings of gelatin/chitosan for controlled drug release. The system demonstrated ability to promote osteoblastic differentiation of MSCs. For tailoring TiO 2 NTs with advanced functionalities, various attempts have been performed through the incorporation of a wide variety of bioactive and/or antimicrobial agents into their cavities, such as modular peptides, anti-inammatory and/or anti-infectious drugs, as well as inorganic bioactive elements such as silver (Ag), Zn, P, and Ca. 2, 27, [31] [32] [33] [34] [35] [36] [37] [38] In particular, Zn appears as a very interesting regulator of bone formation, since Zn 2+ ions can regulate various intracellular signaling cascades involved in osteoblastic differentiation. 39 Previous studies have demonstrated that Zn promotes the expression of bone-related genes, as well as stimulate osteoblast proliferation and mineralization.
33,40 Huo et al. (2013) 33 produced TiO 2 NTs incorporated with Zn by hydrothermal treatment, and the amount of Zn could be adjusted by varying nanotube diameter and length. The authors concluded that the inclusion of Zn provided relevant intrinsic antibacterial properties against S. aureus, as well as an excellent osteogenesis inducing ability, as shown by higher alkaline phosphatase (ALP) synthesis and mineralized nodules formation by bone MSCs. The benecial effect of Zn was also shown by Yusa et al. (2016) 41 aer incorporation of this element on Ti surfaces. As a result of this, human dental pulp stem cells presented signicantly up-regulation levels of osteoblast-related genes of runt-related transcription factor-2 (RUNX-2), collagen type-1 (COL-1), BMP-2, ALP, OPN, and VEGF.
The next generation of orthopedic and dental implants displaying both osteogenic and antibacterial properties is required to achieve improved clinical performances. In a recent work of our group, 32 a novel and promising strategy for functionalization of TiO 2 NTs was reported, by incorporation of Ca and P via reverse polarization anodization processes. Bio-functionalized TiO 2 NTs displayed the ability to improve cell functions and minimize biodegradation of Ti and conventional NTs by corrosion. To understand the bio-functionalization mechanisms of conventional TiO 2 NTs by reverse polarization anodization, an additional indepth study was recently published by our group. 42 One of its main outcomes relies on the formation of an interfacial nanothick oxide lm as a consequence of anodization of TiO 2 NTs in Ca/P and Ca/P/Zn-based electrolytes. Furthermore, in an additional study, we discovered that the tribocorrosion behavior of bio-functionalized TiO 2 NTs was signicantly improved compared to conventional TiO 2 NTs, in articial saliva. 43 The higher electrochemical stability and lower mechanical degradation of the lms were found correlated with their improved adhesion strength to the Ti substrate, granted by the formation of the interfacial lm during bio-functionalization treatments. Therefore, besides biocompatible, bio-functionalized TiO 2 NTs display superior resistance to withstand corrosive and tribocorrosive actions, as compared to pure Ti and conventional TiO 2 NTs. These are very promising candidates to minimize implant degradation in vivo, and subsequently contribute for the establishment of a stable bone-implant anchorage, enhancing the implant life span. However, in-depth biological studies are still missing to assess the clinical feasibility of the multifunctional nanotubular systems for osseointegrated implants applications.
In the present work, the incorporation of Ca, P and Zn into TiO 2 NTs was achieved through the previously reported methodology, and the inuence of bio-functionalized nanotubular surface features on osteoblast-like and MSCs functions was studied. Beyond cell viability and adhesion ability, the aim was to study the differentiation of MSCs through the expression of osteoblast-related genes (RUNX-2, ALP, COL-1, BMP-2 and OPN) and VEGF synthesis, and furthermore, the impact of biofunctionalization on the adhesion and viability of S. aureus. This study brings novel and important insights on the inuence of the morphological, topographical and physicochemical properties of bio-functionalized TiO 2 NTs to enhance the adhesion, differentiation, as well as the release of VEGF by hMSCs, and simultaneously, to decrease bacterial viability.
Materials and methods

Synthesis and characterization of bio-functionalized TiO 2 NTs
Pure titanium (Ti, 99.7%) foils (thickness 0.25 mm) were purchased (Sigma-Aldrich, St. Louis, MO, USA) and cut into 10 mm Â 10 mm squares. These samples were chemically etched in a solution containing 10 vol% nitric acid (HNO 3 ) and 2 vol% hydrouoric acid (HF) for 10 min. Cleaning of both groups of samples was performed in the ultrasonic bath in isopropanol (10 min) followed by distilled water (5 min), and nally dried at room temperature. Cleaned Ti samples were termed as TiP and TiE before and aer chemical etching, respectively.
Aer chemical etching and cleaning, TiE samples were connected to an electrochemical cell with a two-electrode conguration and connected to a dc power supply (KEY-SIGHT, N5751A) set with a limiting current of 2.5 A. A graphite rod was used as the cathode and TiE samples as the anode. TiO 2 NTs were synthesized by two-step anodization of TiE samples in an optimized electrolyte constituted of ethylene glycol (EG, Sigma-Aldrich, St. Louis, MO, USA), 0.3 wt% ammonium uo-ride (NH 4 F, ammonium uoride, Sigma-Aldrich, St. Louis, MO, USA) and 3 vol% distilled water, as reported in our previous study. 32 Firstly, TiE samples were anodized at 60 V for 1 h under magnetic stirring (150 rpm) followed by ultrasonic cleaning in isopropanol (15 min) and distilled water (5 min). Secondly, the resulting nanopatterned surfaces were anodized for 30 min at the previous conditions for nanotube growth. Finally, the anodized samples were cleaned in isopropanol (10 min), distilled water (5 min) and dried at room temperature. The resulting TiO 2 nanotubular samples were named as NT.
Aerwards, the bio-functionalization treatments of NT samples were performed following a novel methodology described in our previous work, 32 which relies on reverse polarization and anodization treatments of TiO 2 NTs. In brief, the electrochemical treatments were conducted in an aqueous electrolyte composed of 0.35 M calcium acetate (calcium acetate monohydrate, Sigma-Aldrich, St. Louis, MO, USA) and 0.04 M b-glycerolphosphate (b-GP) (b-glycerolphosphate disodium salt pentahydrate, Sigma-Aldrich, St. Louis, MO, USA), as the source of Ca and P respectively.
The cathodic and anodic treatments were conducted by using the previously mentioned dc power supply. For reverse polarization step, the NT samples were set as the cathode and the graphite rod as the anode, and both were immersed in the Ca/P-based electrolyte 2 cm distanced. The surfaces were reverse polarized for 30 s, followed by anodization in the same electrolyte for 30 min at 100 V. Aiming the incorporation of Zn, 0.35 M zinc acetate (zinc acetate dihydrate, Sigma-Aldrich, St. Louis, MO, USA) was added to the previous Ca/P-based electrolyte and bio-functionalization treatments of NT samples were conducted at the previous conditions. The reverse polarization and anodization processes were conducted at room temperature (22 to 24 C) and under magnetic stirring (200 rpm).
Finally, the samples were cleaned in isopropanol (10 min), distilled water (5 min) and dried at room temperature. The resulting TiO 2 NTs enriched with Ca and P were named as NTCa/P, while the ones containing Ca, P and Zn were named as NTCa/P/Zn. The surface morphology and chemical composition of all the samples were analyzed by Scanning Electron Microscopy (SEM, FEI Nova NanoLab 600) and Energy Dispersive X-ray Spectroscopy (EDS). EDS spectra were collected using 15 kV accelerating voltage with the samples 50 tilted, to guarantee the acquisition of more signal from TiO 2 NTs and less from Ti substrate. Chemical composition of the surfaces was further investigated by X-ray Photoelectron Spectroscopy (XPS, Escaplus system, Omicron Nanotechnology) using Mg Ka as the X-ray source at 1253.6 eV. Sputter-etch cleaning of samples was carried out operated at 1 kV and 5 mA for 20 min. High resolution spectra were acquired with a resolution of 0.08 eV at a pass energy of 40 eV. Binding energy of C 1s peak at 284.6 eV was used as the reference binding energy for calibration.
Biological characterization
Prior to cell culture experiments, the surfaces (including their backsides) were sterilized by 2 h immersion in ethanol 70% (v/v) followed by 2 h of ultraviolet light irradiation, in a sterile culture hood. 44 Therefore, to better predict the inuence of surface features on human healthy cells, studies were also performed with primary human mesenchymal stem cells (hMSCs). These cells are known to play a major role in bone formation and regeneration, 45 therefore these studies become fundamental to strengthen our ndings and predict real in vivo responses. In this study, hMSCs were isolated from bone marrow aer surgical procedures on two adult healthy donors. The consent was obtained from all the individuals and all the procedures were approved by the ethics committee of Arthur Sá Earp Neto Faculty and Faculty of Medicine of Petrópolis (CAAE number: 46618615.8.0000.5245). The cells were negative for mycoplasma 46 and authenticated by STR analysis.
47
Briey, to isolate the cellular fraction, the collected bone marrow was homogenized in a vortex for three cycles of 15 s. Aerwards, it was washed in PBS and homogenized again followed by centrifugation for 15 min. Aer this step, the supernatant was discarded and the pellet was resuspended in ) with fresh supplemented Iscove's medium, and placed in the incubator at 37 C and 5% CO 2 . Aer 24 h post-seeding, the culture medium was replaced for the rst time, and then it was changed every two -three days. In vitro experiments were carried out with hMSCs at 2-3 passages. At approximately 80% conuence, the adherent cells were washed with PBS and enzymatically detached with trypsin. For osteoblastic differentiation, hMSCs were cultured with Iscove's medium supplemented with 10 mM b-Glycerolphosphate (Sigma-Aldrich), 50 mg mL À1 ascorbic acid-2 phosphate (Sigma-Aldrich) and 100 nM dexamethasone (Sigma-Aldrich). This supplement is currently used to stimulate the differentiation of MSCs into osteoblasts. 45 Throughout this work, Iscove's osteogenic medium was named as Iscove's OM.
2.2.3. Cell viability. The viability of MG-63 cells and hMSCs cultured on TiP, TiE, NT, NT-Ca/P and NT-Ca/P/Zn samples was investigated through MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) reduction assay. Firstly, the samples were placed (in triplicate per test condition) in 24-well polystyrene culture places, and aerwards 2 Â 10 4 cells were seeded on each sample. The cells were additionally cultured on the wells of the culture plate for cell viability control. Aer seeding, the cells were incubated at 37 C in a 5% CO 2 atmosphere and the culture medium was changed every two -three days. MG-63 cells and hMSCs were cultured with DMEM High Glucose and OM Iscove's culture medium, respectively. Each culture medium was supplemented as previously described.
Cell viability was evaluated aer one and six days of culture. Aer each culture period, the cells were incubated with MTT (0.5 mg mL À1 , Sigma-Aldrich, MO, USA) for 4 hours at 37 C.
The MTT assay allows the assessment of metabolically active viable cells, which convert MTT into a purple colored formazan product. 48 Aer the incubation period the formazan was solubilized by dimethyl sulfoxide (DMSO) and the absorbance was measured at l ¼ 570 nm and l ¼ 690 nm (background) on a microplate reader spectrometer (Innite® 200 PRO, Tecan).
Three independent experiments were carried out for cell viability studies with MG-63 and hMSCs, and only hMSCs derived from one patient were used to conduct these tests. The relative expression of genes related to osteoblastic differentiation was determined, namely runt-related transcription factor-2 (RUNX-2), alkaline phosphatase (ALP), collagen type-1 (COL-1), bone morphogenetic protein-2 (BMP-2) and osteopontin (OPN). Their main functionalities may be summarized as follows: RUNX-2 is an essential transcription factor involved in the very early stage of osteoblast differentiation; ALP is a specic protein that displays a crucial role in osteoblast differentiation and mineralization of bone matrix; COL-1 is a key structural protein of bone matrix; BMP-2 is a protein that stimulates bone formation; and OPN is a major structural protein of bone matrix. [49] [50] [51] [52] [53] The nucleotide sequences of forward (F) and reverse (R) primers used for qPCR are shown in Table 1 . The relative gene expression levels were determined based on the comparative Ct method (also known as 2 ÀDDCt ), 54 and these were normalized to that of the endogenous housekeeping gene cancer susceptibility candidate 3 (CASC-3). Fold change values were determined with TiP as the reference group.
The qPCR assays were performed only for hMSCs and two independent experiments were carried out with cells obtained from each donor. Therefore, a total number of four independent tests (n ¼ 4) were carried out.
2.2.6. Alkaline phosphatase activity and matrix mineralization. In this study, human broblasts (hFb) and human Saos-2 osteosarcoma cells were cultured on polystyrene culture plate wells as negative and positive controls of osteoblastic differentiation of hMSCs, respectively. Human broblasts were obtained from surgical procedures of a healthy donor child in accordance with a local Ethical Committee (University of Grande Rio -UNIGRANRIO, CAAE number: 46799215.1.3001.5282) and Saos-2 cells were provided by Rio de Janeiro cell bank. Saos-2 cells were used as positive control instead of MG-63 cells, because they reveal the most mature osteoblastic labelling prole. 44 Alkaline phosphatase (ALP) activity and matrix mineralization were assessed for hFb, Saos-2, and hMSCs seeded on culture plate wells (2 Â 10 4 cells, in triplicate) for 14 and 21 days, respectively.
It is noteworthy that hFb were cultured in Iscove's medium, Saos-2 in DMEM High Glucose medium, and hMSCs in Iscove's OM. DMEM high glucose and Iscove's culture media were supplemented as above described. Aer 14 days of culture, the cells were washed in PBS and xed with a solution of 4% (v/v) paraformaldehyde in PBS for 20 min. Aer washing in PBS, the ALP activity was detected by incubation in a mixture of naphthol AS-MX phosphate alkaline solution with fast red violet B salt (Leukocyte Alkaline Phosphatase Kit, Sigma-Aldrich), in accordance with manufacturer's instructions. Finally, images were acquired in an inverted microscope (Zeiss, Axio Observer.D1, Germany) by using a 10Â objective. The matrix mineralization of cells was evaluated by Alizarin Red S staining (Sigma-Aldrich). Briey, aer culturing for 21 days, all the cells were washed in PBS and xed with a solution of 4% (v/v) paraformaldehyde in PBS for 20 min, and then washed with distilled water. Aerwards, the cells were incubated with Alizarin red S solution 1% (wt/vol) for 30 min. Finally, the samples were washed 5Â with distilled water to remove the unabsorbed dye, and images were obtained in the previous mentioned inverted microscope (10Â objective).
2.2.7. Analysis of VEGF secretion. hMSCs were seeded (2 Â 10 4 cells) on TiP, TiE, NT, NT-Ca/P and NT-Ca/P/Zn samples and incubated for 14 days in Iscove's OM. The culture medium was changed every two days. At day 14, 1 mL of the culture medium was collected with 48 h of incubation, for detection and quantication of vascular endothelial growth factor (VEGF) produced by hMSCs in contact with the different materials. VEGF detection was performed through bead-based immunoassay with the XMap Technology (Luminex Corp, USA) by using a singleplex kit (Biorad, USA). Aerwards, washes were performed using the automated washer Bio-Plex Pro (Biorad, USA). Identication and quantication of the magnetic beads containing VEGF were performed with a Bio-Plex MAGPIX system (Biorad, USA) following manufacturer's protocol. Finally, the concentration of VEGF was quantied with xPONENT soware version 4.2 (Biorad, USA). These experiments were carried out in triplicate, to guarantee the repeatability of the results.
Antibacterial test
The antibacterial ability of TiO 2 nanotubular surfaces was accessed using S. aureus as the target organism. S. aureus ATCC 6538 obtained from stock solid cultures were grown in Tryptic Samples previously sterilized by immersion in ethanol 70% (v/v) for 2 h in 24-well plates, were seeded with 1 mL of the prepared cell suspension and incubated for 2 h at 37 C and 120 rpm. Samples were then washed twice in PBS and the viability of adherent bacteria was accessed by LIVE/DEAD® BacLight™ bacterial viability kit (Molecular Probes, Life Technologies) in accordance with manufacturer's instructions. Finally, the total number of live and dead bacteria adhered on materials surfaces was determined by uorescence microscope (Olympus BX51, Perata, Portugal), using a combination of the 470 to 490 nm and 530 to 550 nm optical excitation lters. A total number of 35 images were acquired for each sample, from which the number of live and dead bacteria were counted. For each testing condition, three samples were used and three independent experiments were carried out.
Statistical analysis
All the quantitative data were expressed as means AE standard deviations. The statistical tool SigmaStat 3.5 (Systat Soware, San Jose, CA, USA) was used for statistical analysis with p < 0.05 considered as being statistically signicant and p < 0.01 considered highly signicant. One-way ANOVA was applied to determine the differences between the different groups of surfaces and Tukey HSD post hoc analysis was used for pair-wise comparisons between groups. In particular, the statistical signicance in the relative gene expression of hMSCs, measured between the control group and all the others testing groups, was determine by t-student test.
Results
Surface characterization
In this study, smooth and micron/nano-roughened Ti surfaces (TiP and TiE) were taken as control groups, whose morphologies are depicted in Fig. 1a and b respectively. The morphological and chemical surface features of TiO 2 nanotubular lms synthesized by two-step anodization processes are depicted in Fig. 1c . A bone-inspired morphology was achieved at a nanoscale level, with NTs characterized by non-uniform diameters ranging from 50-90 nm, as reported in a previous study.
32 XPS studies were conducted to determine the surface chemical features of TiO 2 NTs, through which chemical elements such as Ti, oxygen (O) and uorine (F) were detected. The individual XPS spectra of these elements were deconvoluted into their components aiming to study their binding states. The deconvoluted peaks are shown in the individual spectra of the elements with reference to the subpeak binding energy and the possible chemical compound assigned to it (Fig. 1c) . The high resolution spectra of Ti 2p 3/2 and O 1s conrm the presence of TiO 2 by the subpeaks found at 458.8 eV and 530 eV, 35, 55, 56 respectively. The energy difference of 5.7 eV for Ti 2p 1/2 and Ti 2p 3/2 conrms the presence of TiO 2 .
55 Two additional contributions were found in Ti 2p 3/2 spectrum, which are most likely related to the presence of Ti 2 O 3 (456.9 eV) and Ti-OH (458.3 eV) compounds. 57, 58 The O 1s spectrum showed an additional subpeak at 531.4 eV assigned both to the presence of Ti 2 O 3 and Ti-OH 55, 56, 59 compounds. Adsorbed uoride (F À ) ions on TiO 2 nanotubular surfaces were also found by the F 1s peak detected at 684.6 eV. 55 EDS analysis conrmed the presence of Ti, O, F and C (Fig. 1f -black curve) . These results are in good agreement with our previous study, 32 in which XPS and EDS studies were carried out for NT surfaces.
The surface morphology of NT-Ca/P and NT-Ca/P/Zn samples is shown in Fig. 1d and e, respectively. No signicant differences are observed on the morphological/topographical features of both bio-functionalized nanotubular surfaces compared to the non-treated ones (Fig. 1c) . However, dissimilar chemical features were found aer bio-functionalization treatments. NT-Ca/P surfaces are composed of Ca and P as shown by the individual XPS spectra of Ca 2p and P 2p in Fig. 1d . The Ca 2p 3/2 subpeak detected at 347.6 eV, in agreement with the P 2p peak found at 132.9 eV, evidence the presence of Ca 3 (PO 4 ) 2 compounds on TiO 2 NTs. 35 Furthermore, the energy found for Ca 2p 3/2 subpeak may be also related to the presence of CaHPO 4 species, as conrmed by the P 2p subpeak found at 134.1 eV (Fig. 1d) . 35 Moreover, additional contributions were found in Ca 2p 3/2 main peak at 346.7 eV and 348.6 eV, which might be assigned to CaCO 3 /CaO and CaF 2 (ref. 35, 60 and 61) compounds respectively. These ndings are in accordance with XPS results reported in a previous work for similar NT-Ca/P surfaces. 32 The EDS spectrum obtained from NT-Ca/P samples ( Fig. 1f -red curve) showed the presence of Ti, O, F, Ca, P, and a small amount of sodium (Na) from the anodization process. Once Na was not detected by XPS, it is probably located in deeper regions of TiO 2 NTs. As regards NT-Ca/P/Zn surfaces, Zn and P elements were detected by XPS, and the correspondent high resolution spectra are shown in Fig. 1e . Although the presence of Ca 2p was found insignicant on these surfaces by XPS, a small amount of Ca was detected by the EDS (Fig. 1f blue curve), most probably because it is located deep in TiO 2 NTs. Furthermore, EDS analysis also showed the presence of Ti, O, F, Zn and P. The peak for Zn 2p 3/2 was found at 1021.6 eV and assigned to ZnO compounds, 62 while P 2p was revealed at 133.6 eV and related to PO 4 3À groups adsorbed to TiO 2 NTs. 35 It is noteworthy to highlight that Ti 2p, O 1s and F 1s were also detected on NT-Ca/P and NT-Ca/P/Zn surfaces by XPS and assigned to the presence of TiO 2 , Ti 2 O 3 and Ti-OH, as well as F À ions adsorbed to TiO 2 NTs (results not shown). cell line) cultured on materials surfaces (i.e. TiP, TiE, NT, NT-Ca/ P and NT-Ca/P/Zn) was investigated aer one and six days of incubation, and the results are graphically represented in Fig. 2a . TiE surfaces were chosen also as positive control due to its well-known ability to improve osteoblast functions and by its attractiveness in clinical applications. 63 The percentage of absorbance values measured aer MTT assay were converted into a percentage that was calculated in reference to TiP samples, which means that the absorbance value measured for TiP was taken as 100%. Aer the rst day of incubation, MG-63 osteoblast-like cells adhered on TiP and on all the nanotubular surfaces displayed a signicantly inferior level of metabolic activity compared to the one on TiE surfaces. Aer six days of culture, as expected, a signicant increase of cellular metabolic activity is observed for all groups, conrming cell proliferation throughout the culture time. Interestingly, it is observed that the metabolic activity of cells adhered on TiE and all the nanotubular surfaces, was signicantly superior compared to TiP surfaces. This evidences that all the groups of treated surfaces are biocompatible.
The morphology of osteoblasts adhered on the different groups of samples was investigated aer 24 h of culture, and the representative SEM micrographs are shown in Fig. 2b-f . Signicant differences are observed between cell morphology on Ti (Fig. 2b and c) and nanotubular surfaces (Fig. 2d-f) . MG-63 cells adhered on nanotubular surfaces display a stretched and elongated shape when compared with those on Ti groups, in which they exhibit spreader morphologies apparently covering a higher surface area. In all the cases, noticeable plasma membrane protrusions (lopodia) are visible evidencing cell-surface and cell-cell interactions. Interestingly, although a high density of lopodia has been found on all the surfaces, the cytoplasmic extensions presented different features: thinner and longer on Ti-based surfaces, and thicker and shorter on nanotubular surfaces, as shown in Fig. 3a and b respectively. These differences may be observed in more detail in Fig. 3c and d . Curiously, lopodia endings display a "balllike" morphology on Ti surfaces (Fig. 3c) compared to the at-tened lopodia shape observed on nanotubular surfaces (Fig. 3d) .
The biocompatibility of treated and non-treated nanotubular surfaces was also investigated for human mesenchymal stem cells (hMSCs) by MTT assay. The percentage of absorbance values are depicted in Fig. 4a aer cell culture in OM for one and six days. Aer one day of culture, a signicant lower metabolic activity was measured for cells adhered on NT-Ca/P and NT-Ca/P/Zn samples as compared to TiE, and aer six days these differences were kept signicant only for NT-Ca/P/Zn samples.
As regards hMSCs morphology aer 24 h of adhesion, signicant differences were observed for cells adhered on Ti and nanotubular samples, as previously observed for MG-63 cells. It is clearly perceived that cells adhered on nanotubular surfaces (Fig. 4d-f ) present a more stretched and elongated morphology with lopodia interacting with nanotubular surfaces. On the other hand, the cells adhered on TiP and TiE surfaces (Fig. 4b and c) , show a less dened morphology, and are spreader along the surface apparently covering a larger surface area. Filopodia are also observed for these cells evidencing interaction with the surface and neighboring cells. In order to understand the cytoskeleton organization of hMSCs adhered on Ti and nanotubular surfaces in an early stage of adhesion, the actin laments were observed by confocal uorescence microscopy and the results are shown in Fig. 5 . As observed, clear differences are noticed between the morphology of hMSCs adhered on Ti (i.e. TiP and TiE) and nanotubular surfaces (i.e. NT, NT-Ca/P and NT-Ca/P/Zn). The cells on Ti surfaces present a rounder morphology compared to the cells adhered on nanotubular surfaces, and undergone a remarkably less stretching. On the other hand, the cells on nanotubular surfaces are already very well stretched and elongated. This indicates that cells settled faster on TiO 2 NTs, and that they have quickly interacted and became adapted to these surfaces earlier than on Ti. The cells on all the nanotubular surfaces present a typical morphology characterized by a stretched and tinny cell body (Fig. 5c-e) . Nevertheless, the cell endings are spreader along the surfaces compared to the main body, evidencing a higher contact and an intense interaction with the substrate through a high number of lopodia (Fig. 5e ) and stress bers formation, which are key signals for cell adhesion and migration. 
Osteogenic differentiation of hMSCs.
To better characterize the osteoblastic phenotype of hMSCs cultured on standard culture plates in OM, primary human broblasts (hFb) and osteoblast-like Saos-2 cells (Saos-2) were taken as negative and positive controls, respectively. The colorimetric assay for detection of ALP was carried out aer 14 days of culture for the three groups of cells, and the results are shown in Fig. 6 . As observed in Fig. 6a , hFb are not producers of ALP, contrarily to Saos-2 (Fig. 6b) , as would be expected since Saos-2 cells exhibit mature osteoblast phenotype. 44 As evidenced from Fig. 6c , hMSCs cultured in OM are producers of ALP aer 14 days of culture, indicating that the cells have undergone osteoblastic differentiation. This was conrmed by matrix mineralization performed aer 21 days of culture for the same groups of cells, for which mineralization occurred in Saos-2 ( Fig. 6e) and hMSCs (Fig. 6f) , contrarily to hFb (Fig. 6d) .
The relative expression of osteogenesis-related genes, namely runt-related transcription factor 2 (RUNX-2), alkaline phosphatase (ALP), collagen type-1 (COL-1), bone morphogenetic protein-2 (BMP-2) and osteopontin (OPN) was determined to investigate whether morphological/topographical and chemical features of Ti and nanotubular surfaces inuence the osteogenic differentiation of hMSCs. The gene expression of the different targets is shown in Fig. 7 , and the values are presented as fold changes, which were calculated in reference to the control group TiP. The results show that while no signicant differences were found for the expression of RUNX-2 ( Fig. 7a) and ALP (Fig. 7b ) genes within the different groups, statistically signicant differences were observed for COL-1 (Fig. 7c ), BMP-2 ( Fig. 7d) and OPN (Fig. 7e ) genes expression. The expression of COL-1 was signicantly up-regulated in hMSCs cultured on TiE (p < 0.01), NT (p < 0.05) and NT-Ca/P/Zn (p < 0.01) surfaces compared to the control group TiP (Fig. 7c) . Instead, the relative expression of BMP-2 was found signi-cantly down-regulated for NT (p < 0.01), NT-Ca/P (p < 0.01) and NT-Ca/P/Zn (p < 0.05) surfaces relatively to TiP (Fig. 7d) .
Moreover, OPN gene expression was also down-regulated in hMSCs present on NT (p < 0.01) and NT-Ca/P (p < 0.01) surfaces (Fig. 7e) . Interestingly, a clear trend of a higher expression of both BMP-2 and OPN genes for NT-Ca/P/Zn is observed, when compared to NT-Ca/P and NT samples, as observed in Fig. 7d and e. To further conrm this trend, the relative expression of BMP-2 and OPN genes was determined settling NT as the reference group, and the results are shown in the insets graphs in Fig. 7d and e, respectively. As clearly observed, the expression of BMP-2 gene was signicantly higher for NT-Ca/P (p < 0.01), and even more pronounced for NT-Ca/P/Zn surfaces (p < 0.01) compared to NT control group. Furthermore, signicantly higher differences (p < 0.05) were also found for the relative gene expression of OPN for NT-Ca/P/Zn samples as compared to NT. The BMP-2 and OPN genes were around 3 times more expressed in hMSCs cultured on the nanotubular surfaces enriched with Zn, when compared to conventional nanotubular surfaces. It is noteworthy that signicantly different (p < 0.05) gene expression levels of BMP-2 and OPN genes were also observed for NT-Ca/P/Zn compared to NT-Ca/P samples, with fold change values determined by taking NT-Ca/P surfaces as the reference (results not shown).
3.2.3. VEGF release by hMSCs. To investigate the possible role of surface characteristics on vascularization process, the quantity of vascular endothelial growth factor (VEGF) produced by hMSCs was quantied aer 14 days of culture in OM, and the results are shown in Fig. 8 . The cells in contact with NT and NTCa/P/Zn surfaces produced signicantly higher VEGF amounts compared to the ones on TiP and TiE surfaces (p < 0.01). Furthermore, a signicantly higher extent of VEGF was also released by cells on NT-Ca/P compared to TiE surfaces (p < 0.01). 
Microbiological characterization
The inuence of materials surface features on the early adhesion and viability of S. aureus was investigated, by counting the number of live and dead bacteria adhered to the different groups of surfaces. These results are shown in Fig. 9a , in which the percentage of live and dead bacteria adhered aer 2 h of culture is depicted for each group. The number of total live bacteria was converted into a percentage in reference to TiP samples, meaning that the total number of live bacteria counted on TiP samples was taken as 100%. The number of live bacteria adhered on NT, NT-Ca/P and NT-Ca/P/Zn surfaces was signi-cantly lower compared to the number on TiE samples (p < 0.01).
On the other hand, a signicantly higher number of dead bacteria was found on NT-Ca/P and NT-Ca/P/Zn surfaces, when compared to TiP and TiE. The representative images of live (green color) and dead (red color) bacteria adhered on the different groups of surfaces are shown in Fig. 9b-f . In agreement with the previous results, a higher number of live bacteria are observed on TiP and TiE compared to NT, NT-Ca/P and NTCa/P/Zn surfaces.
Discussion
Biocompatibility and adhesion ability of MG-63 and hMSCs
The modication of Ti surface features through the creation of micron-to nano-textured surfaces with physicochemical features more compatible with human cells has been adopted as a strategy to improve the performance of dental and orthopedic implants. In particular, various attempts have been made for the development of surfaces mimicking bone structures. 64 At the micron-and nano-scales hierarchical structures of bone, aggregated type-I collagen molecules and hydroxyapatite (HA) crystals form the reinforced collagen brils, the universal building elements of both cortical and trabecular bones, providing them exibility, strength, and toughness. Type-I collagen is a triple helix molecule with $1.5 nm diameter and $300 nm length, and plate-shaped HA crystals have 50 Â 25 nm in size and 1.5-4 nm thick.
65 Therefore, bone is considered a nanostructured material and efforts have been made to synthesize bone-inspired nano-topographies to enhance biological responses. 3, 66 The benets of the superimposition of micro-and nano-scale topographies on osteoblasts and MSCs functions such as adhesion, proliferation, and differentiation have been reported in previous works. 14, 67, 68 In the present study, the synthesis of TiO 2 nanotubular surfaces depicted in Fig. 1c intend to mimic such human bone nano-scale features. Besides morphology and topography, the modication of the chemical properties of implant surfaces has demonstrated potential to further improve implant anchorage in bone by rendering the implant surface bioactivity. 69 Therefore, in the current investigation, the TiO 2 nanotubular structures were functionalized with Ca and P elements as Ca 3 (PO 4 ) 2 compounds (Fig. 1d) , to mimic the mineral composition of natural bone and therefore promote bone regeneration. 70 Additionally, the inclusion of ZnO compounds on nanotubular surfaces was also achieved as shown in Fig. 1e , as the inclusion of Zn on Ti surfaces has been reported to provide osteogenic activity and antibacterial effect.
71,72
Aer one day of culture, the enhanced metabolic activity of osteoblast-like cells on TiE samples (Fig. 2a) could have been modulated by the combined micro/nano-topographical surface features (Fig. 1b) . Zhao et al. (2012) 67 explained that micro/nano topographies may regulate the integrin-mediated cell adhesion process, through several intracellular signal transduction pathways. 73 Nonetheless, the promoter effect of TiE surfaces on cell viability is neither too strong nor long lasting since by day six, the metabolic activity on nanotubular samples is at the same level as that of TiE samples (Fig. 2a) , which highlights the biocompatibility of TiO 2 NTs, before and aer bio-functionalization treatments. On the other hand, Ti smooth samples keep inducing a signicantly lower metabolic activity throughout the culture time, which is most likely related to the absence of either micro or nano topographical cues.
The metabolic activity of hMSCs increased with culture time for all the groups of surfaces (Fig. 4a) , however, at a rather limited rate compared to the one observed for MG-63 cells (Fig. 2a) . This is probably related with the low metabolic activity of primary hMSCs and their low proliferation rate, when compared to tumoral cells. 74 In addition, it is known that throughout differentiation, the proliferative potential of hMSCs decreases. 75 This also may explain the limited proliferation rate of these cells because, as they were cultured in OM, most likely they were already undergoing a differentiation process at that time.
Both osteoblast-like cells and hMSCs presented very well stretched morphologies when adhered to nanotubular surfaces compared to those of cells on TiP and TiE surfaces (Fig. 2b-f and 4b-f). These differences may be related with the dissimilar features of Ti and nanotubular surfaces, namely their chemistry, surface energy, and nano morphology/topography. These characteristics may play, separately or together, fundamental roles on the initial protein adsorption and subsequent cell adhesion process.
1,76,77 Nano topographical surface features that directly correspond to the sizes of extracellular matrix (ECM) proteins, are known to modulate their initial surface adsorption. Kubo et al. (2009) 78 showed the benets on adding nanonodules on Ti micro-roughened surfaces to boost their capacity of early albumin adsorption. In particular, it is known that the high negative charged density at sharp edges of TiO 2 NTs are expected to promote the adsorption of ECM proteins such as vitronectin, bronectin, brinogen and albumin, which mediates the adsorption of cells to these regions trough integrin receptors present in negatively charged osteoblast membrane surface.
79,80 Nanotubular structures are known to strongly inuence the clustering of integrins into focal adhesion complexes, and further activation of intracellular signaling cascades controlling cell adhesion, cell shape, proliferation, migration, differentiation, and apoptosis. 81, 82 Although NTs diameters are known to signicantly regulate the activation of integrin-mediated intracellular signaling pathways, the optimal range of nanotube diameters to improve cell functions still remains unclear. Controversial results are found in literature, for different studies carried out with 15-150 nm diameter NTs.
19
In the present work, TiO 2 NTs with inner diameters ranging from 50-90 nm and wall thickness comprised between 14 -24 nm were synthesized. 32 It is believed that the highly stretched morphology observed for MG-63 and hMSC cells on NTs may be related with their non-uniform diameters. Integrins clustering takes place when they are distanced less than 70 nm, 83 and in general, small diameter NTs are known to induce a higher extent of focal adhesion contacts transduced in a stronger cell adhesion and cytoskeleton rearrangement. 79, 81, 84, 85 Based on this knowledge, it is hypothesized that NTs with non-uniform diameters induced the adhesion of proteins in preferential areas of the surfaces, most likely at those places where the density of small-diameter tubes was higher, which consequently might have induced to focal adhesion complexes formation by clustering of integrins at those places. Through activation of intracellular signaling pathways, an increased cytoskeleton stress was probably created inducing cell stretching across the tubes. As observed in Fig. 3d lopodia of cells interacts with NTs by crossing them along their walls, and in general they do not penetrate inside their hollow cavity. This may further indicate that proteins are mainly adsorbed on nanotube wall where cells adhere preferentially.
A dramatic stem cell elongation was also observed by 86 in 100 nm diameter NTs, which induced cytoskeletal stress and differentiation into osteoblasts. The high cytoskeletal tension inuences stem cells shape, and their well spreading and stretching across nanotube surfaces predicts their fate towards osteoblast phenotype. 19 In fact, the high cytoskeleton tension may induce to mechanotransduction events and trigger intracellular signaling pathways, which control differentiation. 19, 87 However, in this study no correlations were found between the enhanced hMSCs stretching on NTs, and their ability to differentiate into osteoblasts, as it will be further on discussed in more detail.
Different morphologies are observed between lopodia of cells adhered on Ti-based and nanotubular surfaces. As stated by Mattila et al. (2008) , 88 lopodia are actin-rich plasma membrane protrusions that function as sensors for cells to probe their environment, and are involved in a high number of cell responses such as cell migration and adhesion. In general, osteoblastic-like cells adhered on Ti surfaces present longer and thinner lopodia (Fig. 3a) , and their endings display a "balllike" shape morphology (Fig. 3c) . On the contrary, osteoblastlike cells adhered on nanotubular surfaces show shorter and thicker lopodia (Fig. 3b) with attened endings (Fig. 3d) . This is an indicator that MG-63 cells are sensitive to nanotubular surface features, and further suggests that they are stronger adhered to these surfaces. The ability of nanotubular surfaces to strengthen cell adhesion is also suggested by the improved stretching of hMSCs adhered on NTs right aer 2 h of adhesion, when compared to the rounder and less stretched morphology of cells adhered on Ti surfaces (Fig. 5) . Furthermore, the formation of stress bers is also observed for hMSCs on nanotubular surfaces, essentially located in cells' endings where well-developed lamellipodia and lopodia are found, through which generally cell spreading occurs. 89 These ndings are in accordance with the study performed by Lv et al. (2015) , 63 who also found that TiO 2 NTs promoted the early adhesion of human stem cells, by accelerating their adhesion as compared to smooth and acid-etched Ti surfaces. Also, Park et al. (2007) 81 demonstrated that TiO 2 NTs induced to improved MSC adhesion and spreading as compared to smooth Ti, through focal contact formation and stress ber assembly.
Osteogenic differentiation and angiogenic ability of hMSCs
MSCs play a major role in bone formation and regeneration, 45 and their differentiation into mature osteoblasts is comprised by different cellular stages, which are identied by specic markers. 49 Thus, the expression of a series of osteogenic specic genes are involved in osteoblast differentiation and maturation, 90 and some of those important bone markers were addressed in this study.
Aer 14 days of culture in OM, the expression of BMP-2 was found down-regulated in hMSCs adhered on NT, NT-Ca/P and NT-Ca/P/Zn samples, compared to TiP control (Fig. 7d) . Interestingly, although BMP-2 regulates osteogenesis by modulating the expression of RUNX-2, 50,91 which is known as a master regulator of osteogenic gene expression, 90 no link between the down-regulation of BMP-2 and the expression of RUNX-2 was observed (Fig. 7a) . Additionally, no correlation between the expression of ALP and COL-1 genes, and the down-regulation of BMP-2 was established ( Fig. 7b and c) . This may be related with the activation level of RUNX-2, which is not being inuenced by BMP-2. RUNX-2 is an important transcriptional factor needed for the osteoblast lineage commitment, and further modulation of osteoblast differentiation, bone development, and the expression of ECM protein genes. 50, 51, 90, 92 In the earliest stage, MSCs form pre-osteoblasts that secrete ALP, an early marker of osteogenesis, 50 while in a later stage mature osteoblasts secrete bone organic matrix rich in COL-1, which aerwards become mineralized through hydroxyapatite deposition. 49 The expression of ALP and COL-1 present similar levels for hMSCs cultured both on Ti and nanotubular surfaces, suggesting that osteogenic differentiation is not being compromised by surface modication treatments induced on Ti surfaces. As regards the lower expression of BMP-2 in cells cultured on nanotubular surfaces, no correlation was found with the increased cell stretching observed for these cells, as previously described. Studies found in literature show the reverse trend, since cell stretching stress is reported to induce osteogenic differentiation of stem cells. 67, [93] [94] [95] A possible explanation for this behavior may be related with surface chemistry, which is different for all the nanotubular surfaces as compared to Ti surfaces. The presence of uoride ions adsorbed to TiO 2 NTs were found on all the nanotubular surfaces (Fig. 1c) , and previous studies have reported that uoride regulate osteoblastic differentiation.
96-98
A recent study conducted by Gandhi et al. (2017) 97 showed that uoride induced chronic oxidative and inammatory stress in osteoblast-like cells, which was highlighted to possibly hamper osteoblast differentiation. Furthermore, Zhao et al. osteoblasts. Thus, the presence of uoride on TiO 2 nanotubular surfaces may be a possible reason for the reduced BMP-2 levels. Remarkably, the expression levels of OPN followed the same trend of BMP-2 for NT and NT-Ca/P samples, in which OPN gene was down-regulated compared to Ti smooth and rough surfaces ( Fig. 7d and e) . This suggests that the regulation of OPN gene is being inuenced by BMP-2. In fact, some reports have mentioned that BMP-2 regulates the cellular gene expression of OPN, [99] [100] [101] however, the mechanisms behind still remain unclear. It is known that the BMP signaling pathway plays multiple and crucial roles in bone formation and is involved in several stages of its development. 50 The stimulation of the differentiation of MSCs into osteoblasts through BMP-2 is mainly achieved through stimulating Smad signaling pathway. By activating Smad-1/5/8 and RUNX-2, BMP-2 regulates the expression of osteoblastic-specic genes such as OPN, a late osteogenic marker. Besides gene expression levels of BMP-2 and OPN have been found down-regulated in cells cultured on nanotubular surfaces compared to TiP, these genes were signicantly up-regulated on TiO 2 nanotubular surfaces enriched with ZnO compounds (Fig. 1e) , when compared to NT and NT-Ca/P surfaces (insertions in Fig. 7d and e) . This suggests that the inclusion of Zn on TiO 2 NTs is enhancing the osteoblastic differentiation of hMSCs. It is known that Zn ions (Zn 2+ ) concentration is relatively high in bone and it has been propose to stimulate bone formation and mineralization. 39 Previous studies have demonstrated that Zn plays an important role in differentiation of osteoblasts and bone remodeling. Recently, Yusa et al. (2016) 41 demonstrated that Zn-modied Ti surface enhances osteoblast differentiation of dental pulp stem cells. The authors reported that Zn-Ti surfaces, beyond exhibited signicantly up-regulated gene expression levels of BMP-2, OPN, RUNX-2, ALP, and COL-1, also promoted ECM mineralization. Additionally, it is suggested that the improved osteogenic-genes expression in Zn-Ti surfaces was linked to the activation of Smad-1/5/8. In particular, the enrichment of TiO 2 NTs with Zn has shown promising results by improving osseointegration both in vitro and in vivo.
40
For example, Huo et al. (2013) 33 reported that the incorporation of Zn on nanotube arrays showed excellent osteogenesis inducing ability through higher activity of extracellular ERK 1/2, which is one of the alternative pathways (non-Smad dependent pathway) that regulates osteogenic differentiation of stem cells.
102 These nding are in accordance with recent discoveries reporting that Zn 2+ ions regulate several intracellular signaling pathways including BMP-2 signaling cascade. It is believed that intracellular inux of Zn 2+ ions is controlled by Zn transporters involved in bone homeostasis. 39 Based on these ndings, it is hypothesized that Zn 2+ ions liberated from NT-Ca/P/Zn samples reaches the intracellular environment through Zn specic transporters, and by this way may enhance the activity of intracellular signaling pathways involved in osteogenic differentiation, including Smad and/or ERK 1/2. As previously mentioned, BMP-2 is known to promote osteoblast differentiation and OPN is a mature osteoblast marker gene recognized to play an important role in bone formation, resorption, and remodeling. 41, 52 By enhancing the BMP-2 and OPN levels, the addition of Zn on nanotubular surfaces seems be of crucial importance to act as a potent inducer of bone formation and remodeling.
As regards hMSCs adhered on nanotubular surfaces, although not statistically signicant, a trend is observed for a gradual decrease in the metabolic activity of cells adhered on those bio-functionalized samples as compared to conventional NTs, both aer one and six days of culture (Fig. 4a) . A lower metabolic activity is indicator of a lower proliferation rate, and this is agreement with the interrelation found between proliferation and differentiation of cells during development of osteoblast phenotype.
14 This slight suppressive effect of metabolic activity is possibly related to hMSCs differentiation tendency found for bio-functionalized NTs, in particular those containing Zn. However, the micro/nano scale surface topography of TiE samples seems to result in an additive effect on hMSCs metabolic activity, when compared to NT-Ca/P and NTCa/P/Zn samples (day one), and aer six days this difference become only signicant for NT-Ca/P/Zn samples. Nevertheless, nanotubular samples are shown to support MSC proliferation and do not compromise their viability, as the values are never lower than that of the well-known biocompatible Ti smooth surfaces. The stronger adhesion strength of cells adhered on nanotubular surfaces may also be related with the lower proliferation rate since, as explained by Zhao et al. (2012) , 67 as cells need to detach slightly to undergo division, a tight adhesion is expected to hamper this process.
Bone is a highly vascularized tissue, and blood vessels largely contribute for bone growth and remodeling. 103, 104 Therefore, vasculogenesis and angiogenesis processes are required for proper osseointegration. Vascular endothelial growth factor (VEGF) is among the many identied growth factors that initiates and controls angiogenesis. 105 The amount of VEGF produced by hMSCs aer 14 days of incubation in OM, was found to be signicantly higher for NT and NT-Ca/P/Zn surfaces compared to TiP and TiE surfaces (Fig. 8) . Moreover, hMSCs on NT-Ca/P surfaces released a signicantly higher amount of VEGF in relation to TiE, although these differences were found not signicant when compared to TiP surfaces. These results may be related with the morphological/topographical and physicochemical properties of the surfaces. In previous studies, surface topography and surface energy were found to regulate the secretion of angiogenic factors by cells, partially via a 2 b 1 integrin signaling.
105,106 TiO 2 nanotubular surfaces, in addition to nanotopography, are more hydrophilic (higher surface energy VEGF production by cells in contact with NT-Ca/P, as compared to NT and NT-Ca/P/Zn surfaces. However, no relation has been found between VEGF synthesis and the presence of Ca, which is the main difference existing between the surfaces. One must be highlighted that VEGF and BMP-2 play important roles in the communication between osteogenesis and angiogenesis. 106 In accordance with previous studies, the production of VEGF by osteoblasts is regulated by factors that stimulate osteogenesis, including BMP-2.
105,107 Based on this knowledge, we postulate that the lower expression level of BMP-2 gene for NT surfaces is not compromising the synthesis of VEGF.
Early bacterial adhesion and survival on Ti and nanotubular surfaces
In addition to complicated infections, bacterial adhesion on implant surfaces may compromise the osseointegration process.
1 In this study, the early adhesion of S. aureus on Ti and nanotubular surfaces was investigated. The main aim was to understand the inuence of the surface features on bacterial adhesion, as well as infer on their ability to impair their viability.
In this study, a signicantly higher number of live bacteria was adhered on TiE surfaces compared to NT, NT-Ca/P and NTCa/P/Zn surfaces (Fig. 9) . One of the main differences between theses surfaces is the micro/nano topography of TiE surfaces. As compared to smooth surfaces, roughened substrates have demonstrated potential to enhance the adhesion and growth of infectious bacteria. 15 studied the effects of surface topography on S. epidermidis using clinically relevant Ti surface nishes, and they found that bacterial adhesion and growth was substantially higher on rough (0.830 mm < R a < 11 mm) surfaces than on the Ti polished (R a ¼ 0.006 mm) surfaces aer 24 h of culture. The observed differences were linked to the substantially higher roughness of the former surfaces at lengths scales comparable to that of bacterial colonies (several microns). Whitehead et al. (2005) 111 also studied the adhesion of bacteria on substrates with micrometer and sub-micrometer dimensions, and found that S. aureus and Pseudomonas aeruginosa (P. aeruginosa) were retained mainly in the largest (2 mm) surface features. On the other hand, in vitro antibacterial properties of nanostructured Ti surfaces have been demonstrated by several studies. examined the adhesion of S. aureus, S. epidermidis, and P. aeruginosa on conventional Ti (nano-smooth) and nanostructured Ti surfaces aer 1 h of culture. The results indicated that nanorough Ti surfaces are the best surfaces for inhibiting bacterial adhesion. The authors explained that the decreased bacterial attachment was related with the higher surface energy of nanostructured Ti surfaces which increased bronectin adsorption, and subsequently decreased bacteria attachment.
The above mentioned studies suggest that while micronroughened Ti substrates show potential to enhance the adhesion and growth of bacteria, nanostructured Ti surfaces display the reverse trend. An additional interesting outcome in this investigation is related with the remarkably higher number of dead bacteria on NT-Ca/P and NT-Ca/P/Zn surfaces, when compared to TiP and TiE surfaces. These results suggest that TiO 2 nanotubular surfaces display the ability to impair bacterial functions in respect to their viability. 24 also found that TiO 2 nanotubular structures reduced the number of live adhering S. epidermidis and S. aureus. However, the mechanisms behind such strong bactericidal effect of TiO 2 NTs are still poorly understood, and controversial results are found in literature. Antimicrobial properties of TiO 2 NTs are reported to be related mainly to the following mechanisms: (1) formation of reactive oxygen species (ROS) in bacteria;
112 (2) disruption of bacteria membrane due to stress effects induced by NTs; 24 and (3) oxidative stress induced by photocatalytic activity of TiO 2 .
113
In fact, the topographical cues of TiO 2 NTs may be one of the reasons for the lower bacterial viability. Kang et al. (2007) 115 reported that bacterial cell membrane damage resulting from direct contact with single-walled carbon NTs is the probable mechanism leading to bacterial cell death. This mechanism was also addressed by Shi et al. (2015) 25 to explain the increased antibacterial activity of TiO 2 NTs with diameters ranging from 30-60 nm. The authors suggested that physical contact of bacteria with NTs could induce a punch on bacteria with cell membrane ruptures and cytoplasm outow, leading eventually to cell apoptosis.
Beyond morphological/topographical characteristics, all the nanotubular surfaces present different chemical features as compared to Ti surfaces. These surfaces beyond TiO 2 , which is also present on Ti surfaces, are composed of adsorbed uoride ions (Fig. 1c) , which can inhibit the metabolism and growth of bacteria. Breaker (2012) 116 reported that bacteria such as Escherichia coli or fungi such as Candida albicans cannot survive upon long exposure to uoride approaching 250 mM, the concentration found in some uoride toothpastes. It is believed that uoride can affect bacterial metabolism through a set of actions and different mechanisms such as acting directly as an enzyme inhibitor. 117 Recently, 118 reported that the incorporation of uoride ions into bioactive glasses significantly promoted the antimicrobial activity against periodontal pathogens. Thus, the mechanism behind the bactericidal activity of nanotubular surfaces compared to Ti may be also related with uoride action by inhibiting enzymatic activity of bacteria. Furthermore, although not statistically signicant, the number of live and dead bacteria adhered on NT-Ca/P and NTCa/P/Zn surfaces was found lower and higher, respectively, when compared to bacteria adhered on NT surfaces (Fig. 9) , suggesting that Ca, P and Zn may also inuence bacteria viability. However, further studies should be performed to better understand the simultaneous action of topographical and physicochemical features of TiO 2 NTs, on the signicant decrease and increase of live and dead adhered bacteria, respectively. inuence of bio-functionalized TiO 2 NTs on the biological performance of MG-63 and hMSCs cells was investigated, together with their ability to display antimicrobial properties. Henceforward the main outcomes of this study are highlighted: -Bio-functionalized TiO 2 nanotubular surfaces are biocompatible for MG-63 cells and hMSCs. Furthermore, TiO 2 NTs modulated the morphology of MG-63 cells and hMSCs, which presented a more stretched morphology compared to Ti smooth and rough surfaces.
Conclusions
-The expression of BMP-2 was found down-regulated in hMSCs adhered on conventional TiO 2 NTs compared to Ti, which was reected in a down-regulation of OPN.
-OPN gene expression is probably regulated by BMP-2 levels: the enrichment of TiO 2 nanotubular surfaces with Ca, P and Zn signicantly enhanced the expression of BMP-2, which was reected in the up-regulation of OPN.
-All TiO 2 nanotubular surfaces induced the release of signicantly higher amount of VEGF as compared to smooth and micro/nano-roughened Ti surfaces;
-TiO 2 NTs, before and aer bio-functionalization, induced a signicant reduction in the number of live bacteria as compared to Ti surfaces.
Taking together the enhanced BMP-2 and OPN expression levels along with the higher amount of VEGF produced, these results suggest that the combined effect of TiO 2 nanotubulartextured surfaces with the surface enrichment with Ca, P, and Zn, is a very promising approach to promote bone formation, remodeling and vascularization processes, thereby improving implant osseointegration. Simultaneously, these surfaces display antimicrobial properties coming up with new insights for the development of efficient bio-selective surfaces for osseointegrated implants applications.
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